The energy potential of agricultural residues in Tanzania has so far not been evaluated and quantified sufficiently. Moreover, the scientific basis for estimations of the sustainable potential of wastes and residues is still very limited. This paper presents an attempt to evaluate the theoretical and technical potential of residues from the sisal sector in Tanzania with regards to energy recovery through anaerobic digestion. The characteristics and availability of sisal residues are defined and a set of sustainability indicators with particular focus on environmental and socio-economic criteria is applied. Our analysis shows that electricity generation with sisal residues can be sustainable and have positive effects on the sustainability of sisal production itself. All sisal residues combined have an annual maximum electricity potential of 102 Gigawatt hours (GWh) in 2009, corresponding to up to 18.6 Megawatt (MW) of potential electric capacity installations. This estimated maximum potential is equivalent to about 3% of the country's current power production. Utilizing these residues could contribute to meeting the growing electricity demand and offers an opportunity for decentralized electricity production in Tanzania.
Introduction
In Tanzania, traditional biomass fuels are the dominating energy source, accounting for over 90% of the total energy consumption. Commercial energy sources account for 10% of consumption, of which electricity accounts for only 2%. Accordingly, the levels of electricity consumption per capita are among the lowest worldwide. These numbers reflect not only insufficient availability but also lack of access to modern energy services. To date, only 14% of the population has access to electricity (MEM, 2010) . The electricity access rate in rural areas is at 2% significantly lower compared to urban areas, where 39% of the population has access to electricity (IEA, 2008) . With an intended increase of electricity access combined with continuing growth in the commercial, industrial, agricultural and residential sector, the Ministry of Energy and Minerals projects that the electricity demand in Tanzania will triple by 2020 (MEM, 2010) . Moreover, the present demand for electricity already exceeds the installed generation capacity of 1,219 MW, of which 561 MW is hydro-based and 658 MW is thermal-based (diesel and natural gas) (MEM, 2010) . Although the situation has improved after the country suffered its worst power shortage in 2006/2007, due to falling water levels in the hydroelectric dams caused by enduring droughts, blackouts still occur on a daily basis. New power rationings were announced in 2010 after the breakdown of four power generators. These shortcomings in the power sector not only affect households but also threaten Tanzania's long-term economic growth and competitiveness. Companies have either to rely on expensive backup systems like diesel generators or to completely suspend their business activities during load shedding. The World Bank (2010) estimates that the average cost of power shortages in Africa is equivalent to 2.1% of the gross domestic product (GDP). Therefore, the question of how to stabilize, secure and increase the power supply is critical for Tanzania's economic and social development.
Renewable energy sources are expected to play an important role in addressing these problems. In rural areas, where grid extension is not feasible, renewable energies are regarded as a particularly promising option for decentralized electricity generation. With regard to the region's high potential for producing biomass, one of the promoted strategies is the use of modern bioenergy technologies (MEM, 2010) . However, it is known that the use of biomass for energy applications can lead to land use competition, environmental degradation and put food security at risk. Bioenergy strategies must therefore be carefully chosen. Pathways that use biogenic wastes and agricultural residues entail far fewer risks of resource competition compared to those using food and energy crops to generate energy. But so far residues represent a still largely untapped energy potential worldwide (UNEP, 2009) . Accordingly, the energy potential of residues and wastes in Tanzania is not well documented. Nevertheless, agricultural residues from cash-and food crop production have a high theoretical potential as feedstock for electricity conversion in an agriculture-dependent developing country like Tanzania. 1 The Tanzanian economy depends heavily on agriculture, which accounts for approximately 25% of GDP, provides 85% of exports, and employs 80% of the workforce . The sector itself is dominated by subsistence farming and rain-fed crop production. Only one-fifth of agricultural production can be categorized as commercial. But considerable amounts of agricultural residues are mainly produced in regions with private estates and intensive commercial smallholders farming (GTZ, 2005) . Consequently most concentrated amounts of agricultural residues are accumulated in the agro-industrial crop production. Therefore, the starting point of a holistic approach to use agriculture residues for electricity generation should be the utilization of residues from commercial crop production.
Tanzania's major sources for agricultural residues are coffee, rice, sisal, sugar, cashew nut, maize, coconut, cotton and banana. Although these crops produce different types of residues, all crop residues can, for convenience, be divided into two main categories: field residues remaining on the fields after harvesting, and process residues resulting from crop processing. Process residues are particularly promising due to their large and localized availability, thus limiting the need for additional logistic structures. The utilization of most crop residues is still very limited in Tanzania, although wood fuel scarcity has lead to an increasing amount of residues directly used as cooking fuel. Traditionally, most of the agricultural crop residues are burnt or left in the fields or on the farms to facilitate the harvesting process, as pest control measures or simply because there is no other possibility to dispose them.
Considerable amounts of agricultural crop residues for cogeneration of electricity have so far only been used in the sugar sector. But the situation is slowly changing and the first biogas plant, which uses only sisal wastes as substrate to generate electricity, started operating in Hale, Tanzania in 2008. The plant is running successfully for two years now, proving that sisal residues are a good quality substrate for anaerobic digestion. Plans are already in place to scale-up cogeneration of electricity from sisal wastes, demonstrating the growing interest in this specific energy source. Hence, the present study focuses on the estimation of the sisal residue potential for small-scale decentralized electricity generation and the associated environmental and socioeconomic risks and opportunities.
Research Objectives
Several studies have highlighted the potential for bioenergy production on the African continent (Dasappa, S., 2010; Smeets et al., 2007; Smeets et al. 2004; Marrison & Larson, 1996) . But more detailed country level and crop specific assessments are necessary to understand the practical prospects for future biomass energy production in Africa. The focus of this paper is to assess the theoretical and technical potential of cogenerating electricity and heat with agricultural crop residues in Tanzania's sisal sector, with the following detailed objectives: (i) to estimate the theoretical available amount of sisal residues based on both aggregated and sitespecific data; (ii) to evaluate the availability and technical realizable energy potential of sisal residues; (iii) to assess ecological and socio-economic effects of using these residues for energy generation.
Methods
The following quantitative and qualitative methods were adopted to estimate the amount and energetic values of sisal residues theoretically available, and to assess how selected sustainability aspects would be influenced by the use of these residues.
(i) The amount of agricultural residues produced is estimated using the residue-to-product ratio (RPR). The necessary crop production data were derived from the Tanzania Sisal Board [TSB] , the National Bureau of Statistics and FAOSTAT.
(ii) Structured interviews and consultations with key government and private sector stakeholders were conducted to gather qualitative information on projects, context, implementation, results and impacts. Furthermore, the predominant attitude regarding the use of agricultural residues for energy generation in the country was assessed through attendance of various stakeholder workshops.
(iii) A detailed study of available literature and scientific reports on the production, collection, disposal and other uses of residues was carried out to collect additional data and information.
Estimating the amount of crop residues
The type and amount of agricultural residues available varies from crop to crop depending on the plant structure, seasonal availability, harvesting methods, irrigation practices, soil quality and other factors. But the amount of residues produced is directly related to the corresponding crop production. So if the crop production quantities at a particular time are known, it is possible to estimate the amounts of agricultural residues produced using the residue-to-product ratio (RPR) (Koopmans & Koppejan, 1998) . This method has been widely applied to estimate the potential availability of agricultural residues for energy generation (Rosillo-Calle, 2007) . Although this approach has its limitations as it does not include future developments and investments in the agricultural sector, it is suitable to estimate the current country-specific energy potential of residues. The general equation for estimating the agricultural residual biomass is as follows: *
where (R) is the total available agricultural residual biomass in tonnes per year, (C p ) the amount of crop production in tonnes per year and (RPR) the residue-to-product ratio in tonnes of residues per tonnes of product. While the RPR values for sugarcane are well known, the RPR for sisal residues must be estimated. Using the following equation the RPR can be predicted if the quantity of residues is known. Instead of production figures, data of the cultivated area and the average agricultural yields are used:
where (RPR) is the residue-to-product ratio in tonnes of residues per tonnes of product, (R) the average available agricultural residual biomass in tonnes per hectare per year, and (Y) the yield of product in tonnes per hectare per year.
Estimating the energy potential
The production of electricity and heat through anaerobic digestion depends on the gas formation potential of the substrates used. The potential volumes of biogas and methane can be calculated if following factors are known: amount of residue per period of time, dry matter content of the residue, organic dry matter content, biogas potential and specific yield of methane for the substrate (Kaltschmitt et al., 2008) . In the next step the heat and electricity output and the necessary capacity can be estimated from the potential amount of methane and the expected efficiency of the power plant. The conversion factors (see Table 1 ) used to calculate the technical biogas potential from sisal residues were assumed to be similar to those for Kenya (GTZ, 2010). 
Assessing environmental and socio-economic risks and opportunities
Besides determining the available biophysical potential of sisal residues for electricity generation, further aspects need to be considered. In particular, environmental and socio-economic factors define how and where the potential can be utilized in a sustainable manner 2 . The evaluation of environmental and socio-economic risks and opportunities is based on a selection of sustainability criteria developed by the Roundtable on Sustainable Biofuels [RSB] . Altogether, the RSB defines twelve principles that focus on social and environmental sustainability (RSB, 2010) . The following six principles have been identified as primary for the sisal sector and applied in this study: water use and quality, biodiversity, soil health, greenhouse gas (GHG) emissions, food security and social and rural development.
An important aspect of environmental sustainability in the case of sisal is the avoidance of methane emissions from the disposal of sisal pulp and wastewater at solid waste disposal sites. The calculation method proposed by the Intergovernmental Panel on Climate Change (IPCC) based on a first order decay model adopted by the Clean Development Mechanism of the United Nations Framework Convention on Climate Change (UNFCCC) is used here to quantify the avoidance of methane emissions (UNFCCC, 2010). The model differentiates between different types of waste with respectively different decay rates and different fractions of degradable organic carbon. The parameters used for sisal disposal are based on Salum (2008) .
Results
The quantification of the theoretical potential of sisal residues for energy generation is derived from the physical supply of biomass sources and represents the theoretical upper limit of the available energy supply (WBGU, 2009) . The portion of this theoretical potential that is realizable with the current technical possibilities is referred to as technical potential.
Residue generation from sisal
Tanzania is the third largest producer of sisal fibers after Brazil and China (FAO, 2009; TSB, 2009 ). The key cultivation areas are Tanga, Morogoro, Kilimanjaro, Arusha and Mara (Tanzania Agricultural Sample Census, 2003) . Traditionally, the fiber is used to produce ropes, carpets and clothing, which are sold on the domestic and international markets.
Lately, sisal fibers have also been used in the automotive sector and for specialist paper manufacturing, which contributed to the worldwide increase in fiber demand during recent years. Likewise an upward trend in the fiber production in Tanzania Two types of residues are available from the perennial sisal plant: the sisal pulp from the leaves and the trunk, which is also known as sisal ball. The product, i.e. sisal fiber, is extracted from the leaves, which can be harvested once or twice a year all year round depending on plant growth. In Tanzania the leaves are transported to a central processing site after harvesting. During the processing (decortication) large amounts of residues are generated, because the exploitable fibers make up only 4% of the total leaf weight. So that for each tonne of sisal fiber produced about 24 tonnes of leaf residues (sisal pulp) are generated . The residue-to-product ratio for the sisal pulp is therefore 24. Moreover, the process of extracting fiber from the leaves is very water intensive, so that additionally about 100m 3 of wastewater are generated per tonne of sisal fiber (GTZ, 2010) . The sisal ball (old sisal plant) can be regarded as field residue. It is removed during replanting and provides further amounts of valuable biomass. For each hectare of sisal plantation, about seven tonnes of old plants are removed per year (assuming planting every ten years, 3,500 plants per hectare and a weight of 20 kg per sisal ball) GTZ, 2010) . With seven tonnes of sisal ball residues per hectare per year and an average production of 1.5 tonnes of sisal fiber per hectare per year in Tanzania , the RPR for the sisal ball is estimated to be 4. Sisal fiber production Sisal ball Sisal pulp Production (in 1,000 tonnes) the following amount of residues can be calculated for Tanzania in 2009: 505,440 tonnes of sisal pulp, 2,106,000 m 3 of wastewater and 98,982 tonnes of sisal ball from replanting.
Energy potential of sisal residues
Laboratory experiments (Muthangya et al., 2009; Mshandete et al., 2004; Kivaisi, 1996) and the first pilot plant demonstrated that sisal waste can be transformed into electricity by utilizing biogas through anaerobic digestion. The composition of sisal residues for anaerobic digestion is given in Table 2 . The average dry matter (DM) content for sisal pulp is estimated to be 12%, but the actual DM content measured in the pilot plant has so far only reached 6%. This can be explained due to shifting composition of substrates depending on plant variety, habitat, climate, processing and many other factors (GTZ, 2010) . It is essential to use both results, because data from the pilot plant reflects the local conditions in Tanzania, while average DM content stated in the literature (GTZ, 2010) shows what results can be reached under varying conditions. Taking these different parameters into account, the electricity and heat potentials per tonne of produced sisal fiber was calculated (Table 3) . It is shown that all three residue types comprise noteworthy energy potentials. With regard to the available residue amount at the different processing sites the identified energy and heat potential is suitable for small scale decentralized power generation with generation capacities ranging from 150kW up to 1MW. The accumulated potential of methane and electricity generation from sisal pulp, wastewater and sisal balls and the potential capacities in Tanzania for 2009 is presented in Table 4 . The results for the best and a worst case scenario deviate strongly because of differing values reported in literature and known from practice. This illustrates the wide margin of possible fluctuations and the interrelated risks that need to be considered when running biogas plants with sisal residues as substrate. In light of these results the viability of initiatives proposed by the private sector (UNEP Risoe Centre, 2009) i.e., to generate 5-10MW electricity in the next five to ten years using only a small portion of the country-wide sisal residue potential, might need careful reconsideration. 
Current uses and availability of sisal residues
In a country like Tanzania, where grass productivity is low and fertilizer costs are high, using crop residues as fodder or fertilizer has to be the priority and only surplus biomass ought to be converted into electricity. Sisal residues, however, are not yet utilized for any purpose in Tanzania, besides the small amount of residues used for electricity generation in the biogas pilot plant. The liquid nature of the residues has so far been regarded as a restriction for any other uses. But trials in Kenya showed that fresh sisal waste could possibly be fed to cattle as a supplement to natural pastures if the moisture content is reduced (UNIDO, 2005) . If in the future sisal residues are to be used as animal fodder, the amount of residues available for sustainable electricity generation will be limited accordingly.
The actual available amount of sisal pulp and waste water depends on the fiber production levels, which touched bottom in Tanzania 2010. But with the economy recovering and the price for sisal fibers rising up to US$1,050-1,200 per tonne between September and November 2010 (TSB, 2010), it is possible that production levels will rise again in the coming years. A production increase would result in a higher amount of available residues. In addition, the amount of fibers and therefore residues, could also be increased by improving the farming habits. On most estates so far neither fertilizer is used nor is land preparation done in order to improve yields and quality. Sisal yields on well-prepared land are about two tonnes per hectare per year in Tanzania compared to only one tonne per hectare per year on unprepared land. The use of organic fertilizer, that could for instance be obtained as by-product from the biogas production process (UNIDO, 2005), could further improve soil fertility and increase sisal yields. Applying these options to increase productivity would result in an excess amount of sisal pulp available for electricity generation. Sisal balls are currently not available as feedstock for energy generation. If this residue type should be utilized it implicates additional logistic efforts and expenses, as the balls are field residues and so far not collected but burnt or broken down and plowed under.
Assessment of environmental risks and opportunities
The use of agricultural residues for energy purposes has the advantage of avoiding direct land-use competition with existing land uses and greenhouse gas emissions from land-use changes. But emissions from current waste incineration and the amount of residues which could be sustainably removed from the fields remain a concern (WBGU, 2009; UNEP, 2009).
Greenhouse gas emissions.
Sisal residues are currently not properly disposed in Tanzania, if waste disposal is defined as the management of waste for the duration of its biological and chemical activity to prevent negative effects on the environment. The mixture of sisal pulp and wastewater is left on the bare soil from where wastewater leaks out into the soil and close by water bodies. The residues decomposing in the open lead to the formation of methane (CH 4 ) that is released into the atmosphere. Because methane is 25 times more potent has a GHG than carbon dioxide (CO 2 ), it contributes heavily to global warming and the associated negative effects on our environment (IPCC, 2011). The estimated 505,440 tonnes of sisal pulp produced in 2009 generate methane emissions over the next ten years that are equivalent to 184,622 tonnes of CO 2 . By using anaerobic treatment inside a closed digester these emissions can be substantially reduced. This would significantly reduce lifecycle GHG emissions and contribute to climate change mitigation.
Water use and water quality. Agriculture-based economies like Tanzania require large amounts of water for irrigation and crop processing. Up to 90% of the total water withdrawals in Tanzania are accounted for by the agriculture sector of which the largest amount is used for irrigation purposes (FAO AQUASTAT, 2010). Growing sisal however, does not require irrigation, as the sisal plant is drought resistant and cultivated as rain fed crop. But the processing of sisal leaves is very water intensive and on average 100m 3 of water are used to produce one tonne of fiber (GTZ, 2010) . Reducing this amount of water would be beneficial in terms of environmental sustainability as well as in terms of energy generation. In particular in Tanzania where water is a scare resource, reducing the overall water use is an important requirement if the biomass production aims to be sustainable (RSB, 2010) .
The utilization of sisal residues has the additional benefit that ground and surface water pollution is significantly reduced (CFC, 2004) . Because at present water from the sisal production is simply drawn off to nearby water sources, being the main origin of water pollution in regions with high sisal production. Utilizing and treating sisal pulp and wastewater therewith directly benefits the environment and helps to fulfill the sustainability requirement that biomass production, should not lead to contamination of water sources (RSB, 2010).
Biodiversity. According to the RSB standards, biofuel operations shall avoid negative impacts on biodiversity, ecosystems, and other conservation values (RSB, 2010) . Although the use of sisal residues has no direct effects on biodiversity, the cultivation of the sisal plant itself surely has.
The degree of biodiversity in agricultural ecosystems depends on the diversity of vegetation within and around the agro-ecosystem, permanence of crops and intensity of management (Southwood & Way, 1970) . With regard to these factors, agricultural monocultures are known to significantly reduce biodiversity by replacing nature's diversity with a small number of cultivated plants (Altieri & Nicholls, 2004) . Most common shortcomings arising from monoculture cultivations include displacement of natural vegetation, nutrient losses, intensive use of fertilizer and pesticides. Today, like most commercial crops in Africa, sisal is almost exclusively grown in monocultures. It dominates the scenery in the sisal growing regions in Tanzania. In Tanga, the main sisal growing region of Tanzania, 67% of the cultivated land is planted with sisal (Table 5) . But compared to other cash crops sisal is grown rather extensively than intensively. Despite the fact that neither chemical fertilizer is applied nor pesticides are used, due to the absence of plant diseases that would affect fiber production, monoculture cultivations of sisal significantly reduced the biodiversity in the sisal growing regions of Tanzania. Risks of additional biodiversity loss exist, if expansion and intensification are undertaken to generate additional residues for energy purposes. However, the use of currently generated residues does not implicate further biodiversity losses. Soil health. Agricultural residues contain nutrients and maintain soil carbon content and fertility. They also provide protection against erosion and can contribute to soil biodiversity (UNEP, 2009). Therefore, environmentally sustainable biomass operations should implement practices that seek to maintain soil health and/or reverse soil degradation (RSB, 2010) . In particular, it needs to be carefully observed to what extent residues can be removed and what quantities have to remain on the field in order to maintain the nutrient cycle.
As mentioned before sisal is mainly grown on monoculture plantations. These plantations often exist for decades, continuous cultivating sisal without adding fertilizer. Although no soil pollution is caused from chemical fertilizer, this cultivation practice also implies that the soil is impoverished. Moreover, almost no residues are left on the field to provide nutrients. The only residues that remain on the field after a lifecycle of about 10 years are the sisal balls and these are often also burnt on the field. Hartemink et al. (1996) and Hartemink (1997) studied the nutrient balance under monocropping sisal in the absence of fertilizers in Tanzania. He observed that both nutrient balance and soil nutrient contents showed a serious shortfall for each nutrient. The largest absolute decrease was found in the soil nitrogen content, resulting in decreasing yields per hectare. Using sisal residues to generate biogas could improve the nutrient regime, since the digestate from biogas generation can be used as organic fertilizer (Kaltschmitt et al. 2009 ). Trials on test fields in Tanzania have verified that using sisal digestate as fertilizer improves soil fertility and increases sisal yields. In practice the logistics of distributing the digestate to the fields still constitute an obstacle. Theoretically the utilization of sisal residues for energy generation can contribute to improving the environmental sustainability and economic performance of sisal production.
Assessment of socio-economic risks and opportunities
In producing and using bioenergy, a number of socio-economic factors need to be taken into account if the requirements for sustainable development are to be met (WBGU, 2009) . These aspects need to be especially careful assessed in developing countries, where the agricultural sector plays a key role for economic and social progress. Although decentralized energy generation with agricultural residues has potential to provide the rural poor with multiple benefits, no guarantee exists that activities help to satisfy local development needs. The sustainable biomass principles therefore require that in regions of poverty, biofuel production shall contribute to social and economic development and ensure the human right to adequate food and livehood (RSB, 2010) .
Improved access to basic services. Availability of clean and affordable energy is fundamental to reduce poverty and increase pro poor growth. Like in most developing countries, the rural population in Tanzania has very limited access to modern energy services. Hence, agricultural residues that are primarily available in rural areas are a potential feedstock for decentralized energy generation.
Compared to the processing of crops, like sugarcane with five processing sites or coffee with four major processing sites, sisal processing is more decentralized with 35 processing sites operating in Tanzania in 2010 . In theory the available electricity potential from sisal pulp and wastewater residues is sufficient for an installation of about 8.5 MW capacity and can provide more than 40,000 rural households with electricity (estimating consumption to be 200 kWh per person per year and six persons per household). But in practice it is not certain that access to electricity services will increase locally. Connecting the local population requires additional investments, because establishing mini-grids is cost intensive and collecting fees requires additional work efforts and increases costs. Even subsidies of US$500 for each newly establishes electricity connection are offered by the Rural Energy Agency of Tanzania (established by the Rural Energy Act 2005) to make mini-grids more attractive for private sector investments, most investors hesitate to invest in rural electrification. Consequently most involved stakeholders expect the more likely scenario to be, that power is primarily used to run factories and surplus electricity is fed into the grid, as the majority of processing sites already have a connection to the national grid. This development will be further enhanced by the Standardized Small Power Purchase Agreements (SPPA) coming into place in 2008. The agreement offers small independent power producers standardized contracts and fixed prices for electricity sales to the national electric supply company TANESCO, making the administrative process of feeding electricity into the national grid more simple. But even if electricity generation from sisal residues will most likely not directly improve access to energy services; it can contribute to reducing the constant power shortfalls in the country.
Income generating opportunities. Bioenergy utilization is expected to benefit rural laborers by offering them employment in raising biomass or working at the bioenergy facility. However, the rural poor do not automatically benefit from these income opportunities. The question is, if the adoption of biogas technology in the sisal sector will result in additional local employment and capacity building.
The sisal industry in Tanzania is dominated by large scale plantations with recent developments towards outgrower schemes 3 . The gross of the workforce in the sisal sector can therefore be divided in two groups: plantation workers and outgrowers. Workers employed on the plantation do not own any resources so they do not directly benefit from value adding activities like power generation from the residues. Outgrowers sell the entire sisal leaves to the processing companies so they do not have a stake in the major residue, the sisal pulp. Yet they do own the sisal ball residues, but presumably this residue type will not be utilized until a later stage of biogas developments. So the only potential benefit for smallholder outgrowers in the near future might come from higher sisal prices due to the fact that residues become a valuable energy source.
However, this development is uncertain, because poor rural farmers typically operate in a buyer's market with imperfect information. Awareness raising and information campaigns could help to enable outgrowers to participate in the benefits electricity generation with residues offers to the sisal sector.
Compared to the limited new income opportunities for the rural population in sisal harvesting and processing, direct and permanent employment potential exists at the biogas facilities. Utilizing the technical realizable electricity potential of sisal residues could create between 65 to 764 new jobs in the decentralized rural areas of Tanzania (assuming biogas plants with 500kW capacity; operating 7,000 hours per year; running each plant with three work shifts per day and 3-7 workers per shift). Table 6 presents an overview of the possibilities and limitations of employment in biogas generation with sisal residues for the rural population. (Domac, 2005) In addition, temporary employment opportunities will be created in the fields of planning, manufacturing and construction of biogas facilities. Parts of the potential jobs require skilled labor forces. The acute shortage of trained technical professionals in the country could therefore prove to be a barrier for biogas development. The lack of skilled labor also implies that components are most likely imported and foreign experts are employed, reducing the profits and the benefits for the local population. Being aware of this problem a training center for biogas and biomass has been established in cooperation with private and public partners from Tanzania and Germany. So far one course for stakeholders was conducted rather than actual education of technicians that would be able to run biogas plants.
Land use competition and food security. Biogas production based on agricultural residues like sisal has only small impact on domestic food availability and causes little competition with existing land uses. Energy pathways utilizing agricultural residues, including sisal residues, should therefore be given priority over food crop and energy crop cultivation for energy generation.
Risks of extensive expansion of sisal cultivation areas to use the residues for energy generation and, in turn, potential land-use competition, are limited. The land currently in use for sisal cultivation is only a fraction of that dedicated to growing sisal over the last decades. On many estates sufficient parts of this land lie fallow, so that sisal production could be expanded without negative effects on food security. Only a massive increase in production could lead to land-use competition, but so far there are no indications of such a development. Although it could be argued that the land currently used for cash crops like sisal should be converted into land for food production, but sisal grows on dry and by now infertile soils that are often unsuitable for other crops. Furthermore agriculture commodities like sisal are Tanzania's most important export products providing a major source of income for the country. So the replacement of sisal would not add to environmental or socioeconomic sustainability.
4.5 Overview of selected sustainability aspects relevant for energy generation with sisal residues Table 7 summarizes environmental and socio-economic sustainability aspects examined in this study. It is shown that electricity generation with sisal residues can be sustainable, if the right actions are taken. Moreover, if sisal residues are utilized for energy purposes, sustainability can be improved by reducing multiple environmental problems caused by the current form of sisal production in Tanzania. Only biodiversity is unlikely to increase as long as sisal is grown in monocultures. But initiated developments towards small holder sisal farming might in the future increase the amount of sisal grown in intercropping systems. 
Recommendations
From this analysis it is evident that agricultural residues like sisal waste should be acknowledged as part of an alternative bioenergy strategy in Tanzania. It is recommend that:
Bioenergy policy priorities in Tanzania that currently primarily focus on energy crops should also recognize electricity and heat production from agricultural residues as sustainable, decentralized energy option. Further research on information, policy, financial and institutional barriers needs to be conducted. These factors are essential components on whether the demonstrated technical potential can be realized in practice or not.
To ensure social sustainability of cogeneration with sisal residues it is necessary to explore options to use excess energy locally, such has mini-grids and direct biogas supply for cooking to neighboring rural households.
6. Discussion Generally, assessments of bioenergy potentials focus largely on environmental factors whereas social aspects are taken into account far less frequently. Within the environmental dimension, biodiversity and climate aspects are overrepresented while soil and water aspects are often omitted (Smeets et al., 2009) . With respect to these observations this study tries to extend the scope to social aspects as well as to the effects on soil and water.
Compared to other residues like bagasse from sugarcane, the country specific potential of sisal residues as energy source has not been studied with regards to sustainability and availability. Both Kivaisi (1996) , who determined the methane yield and electricity potential, and Salum (2008) , who evaluated the Clean Development Mechanism (CDM) potential of energy generation using sisal residues on four estates, indicated that a sufficient potential exists. But questions remain regarding the amount of different residue types and the sustainability of their use. Hence, the scope of this study was to conduct an independent assessment of the potential of sisal residues for electricity generation in Tanzania and to emphasize the multiple factors that influence availability and sustainability. In particular, the theoretical, technical and exploitable energy potentials have been differentiated and it has been found that sufficient amounts of sisal residues exist to generate electricity and heat. Even if initially only the available processing residues of sisal are used, if the dry matter content remains low and if the production levels continue to be low, the potential is adequate to generate 3.6MW electricity per year. These results are similar to the outcome of a technical potential assessment in Kenya (GTZ, 2010) .
Utilizing this potential implies environmental and socio-economic risks as well as opportunities. If the energy generation from sisal residues aims to be sustainable, these factors need to be taken into consideration. The assessment of selected criteria showed that the use of sisal residues for electricity generation would lead to numerous opportunities and an improvement of the current situation with environmental and socioeconomic risks being limited. The quantification of this sustainably available amount of residues for electricity generation and evaluating the economic sustainability go beyond the scope of this study. Because both aspects are strongly site specific and this study is limited to an overall assessment of the country specific potential, therefore it cannot reflect explicit local conditions. Further this study is limited to examining the biogas potential for anaerobic digestion of sisal residues as only substrate (mono-fermentation). Adding other substrates can improve biological and chemical conditions and lead to an increase of biogas yields and electricity output. Nevertheless, these results can serve as input for site specific sustainability assessments of locally available potential and help create awareness among potential investors and policy makers about the viability of biogas from sisal residues as a source for electricity generation.
